The ITER Hybrid scenario aims to exploit bootstrap current to enable burn times in excess of 1000s. To achieve this, and optimise fusion performance, requires high β N (the plasma pressure normalised to a stability scaling) and energy confinement equal to or greater than that predicted for the baseline scenario. This paper discusses results from the JET candidate Hybrid scenario, where β N,MHD ≤ 3.6 plasmas have been produced. Despite a different initial phase, confinement relevant plasma parameters evolve rapidly towards those of equivalent ELMy H-modes and are well described by IPB98(y,2). In contrast to previous ELMy H-mode studies, a dedicated β scan experiment in the JET Hybrid candidate scenario shows a strong negative dependence of global confinement on β N . Analysis indicates that the core transport remains consistent with weakly dependent electrostatic transport, whilst the edge confinement decreases strongly with increasing β N . By combining global confinement data from ASDEX Upgrade, DIII-D and JET Hybrid scenario discharges, a multimachine database is produced. In contrast to the JET case, confinement in ASDEX Upgrade and DIII-D is is shown to be inconsistent with IPB98(y,2) and alternative dependencies are explored.
INTRODUCTION
By operating at high β N , the ITER Hybrid scenario aims to exploit bootstrap current to enable burn times in excess of 1000s [1, 2] . Here, β N = c 0 βaB/I is the plasma β = 2µ 0 〈p〉/B 2 normalised to a stability scaling, c 0 = 10 8 m -1 1TA -1 , a is the plasma minor radius, B is the vacuum magnetic field, I
is the plasma current, µ 0 is the permeability of vacuum, and 〈p〉 is the volume averaged plasma pressure [3] . To achieve this, and optimise fusion performance, these scenarios must have good energy confinement [4] . ELMy H-mode plasma studies, with β N 's primarily in the range 1 < β N < 2, have produced scalings, such as IPB98(y,2) [5] , which describe the confinement time, τ E , in existing experiments reasonably well and are used for extrapolation to ITER [6, 7] . Expressed in dimensionless parameters [8, 3] , the IPB98(y,2) confinement time scaling, τ 98(y, 2) , has a scaling of ω ci τ 98(y,2) ∝ β −0.9 [9] , where ω ci is the ion Larmor gyro-frequency. Such a strongly negative scaling is in contrast to that predicted by plasma transport models dominated by electrostatic turbulence, which predict almost β independent transport [3] . However, dedicated ELMy H-mode β scan studies, in which β is varied whilst the other important dimensionless parameters are kept constant [3] , in JET [10] and DIII-D [11] found almost no dependence of normalised confinement on β. As well as being consistent with electrostatic transport, these ELMY H-mode results support β independent scalings, such as the electrostatic gyroBohm scaling [9] , which predict higher confinement and performance for ITER at high β N [11] . However, subsequent studies at JT-60U [12] and ASDEX Upgrade [13] did find a negative dependence of normalised confinement on β, although somewhat weaker than that of IPB98(y,2). Overall, these results show a range of β scalings and the physics basis for energy confinement at high β N clearly needs improving before existing confinement scalings can be extrapolated to high β N with any confidence. With this aim, this paper reports the results from and analysis of a dedicated β scan performed in JET in a scenario compatible with high β N operation.
High performance, high β N discharges in JET are achieved by using a scenario which includes a rapid increase of the plasma current prior to the main heating phase designed to give a broad qprofile [14] . This is intended to stabilise potentially disruptive MHD activity and so enable access to high β N operation. In this paper, such a scenario will be referred to as the JET Hybrid scenario. This scenario is a candidate for the ITER Hybrid scenario. Similar scenarios have been developed to achieve high performance, high β discharges in DIII-D [15, 16] and ASDEX Upgrade (improved H-mode, [17] ) and will also be referred to here as Hybrid scenarios. This paper focuses on these scenarios, which at present provide the most promising candidates for ITER Hybrid operation. JET
Hybrid studies have covered a range of configurations, currents (1.1-2.8MA), fields (1.3-3.5T) and β N,MHD ≤ 3.6. Here, β N,MHD is a measure of β N taken from the MHD equilibrium reconstruction.
Despite a different initial phase, plasma parameters evolve rapidly (≈1s) towards those of equivalent ELMy H-modes [18] and their τ E is well described by IPB98(y,2) [14] . In contrast, ASDEX Upgrade and DIII-D Hybrid scenarios observed confinement times significantly above IPB98(y,2) with H 98(y,2)
= τ E /τ 98(y,2) up to 1.7-2.0 for ASDEX Upgrade [19, 17] and 1.7-1.8 for DIII-D [15, 16] . Thus, the Hybrid scenario is a promising candidate for ITER Hybrid operation as it has achieved τ E equal to or greater than equivalent H-modes on all three machines. However, the differences between these confinement times and the IPB98(y,2) scaling in ASDEX Upgrade and DIII-D mean that it is not clear how to extrapolate the performance of existing Hybrid scenarios to ITER.
The rest of this paper is organised as follows: section 2 describes the β scan performed in the JET Hybrid scenario. Section 3 describes studies of a global confinement database comprising discharges from JET, ASDEX Upgrade and DIII-D. Section 4 provides a summary of the results and conclusions.
BETA SCAN IN JET HYBRID SCENARIO

EXPERIMENTAL SET-UP
The experimental procedure is similar to that for the ELMy H-mode β scans [10] , except that the discharges were performed in the JET candidate Hybrid scenario of Section 1 in a high triangularity, δ = 0.45, configuration. The discharges were heated with Neutral Beam Injection (NBI) heating only and fuelled with deuterium gas injection. Three different magnetic fields, B, were used and, for each one, the plasma current, NBI heating and gas fuelling were adjusted so as to match the dimensionless parameters q 95 and the global ρ* and v* [7] between the three discharges. Here q 95 is the safety factor on the magnetic surface containing 95% of the flux of the last closed flux surface, ρ* is the normalised ion Larmor radius, and ν* is the normalised ion-electron collisionality. Unlike the ELMy H-mode scans, the NBI tuning was performed using real-time feedback on the plasma energy. This resulted in a scan over β N,MHD = 1.7-2.7, β N,th = 1.5-2.0. Diagnosis was as for the ELMy H-mode β scans [10] , except that equilibria were computed by the EFIT code [20] constrained by magnetics and a motional Stark effect diagnostic [21] .
EXPERIMENTAL RESULTS
Figure 1(a) shows time traces for the three discharges produced. Matching of ρ* and ν* requires matched density, normalised as n/B 4 , and temperature, normalised as T/B 2 , [3] . These parameters can be seen to agree within errors, except for the density in the low β discharge which is ≈8% too high. q 95 is well matched. All discharges had regular Type I ELMs with frequency, f ELM , increasing with increasing β. Profile plots, figure 1(b) , show the majority of the data for ρ* agrees at the 10% level and for ν* at the 20% level. q-profiles are in good agreement, but with a somewhat broader profile for the low β N,th = 1.5 discharge. The ratio of ion to electron temperature and Z-effective agree well with each other within errors. The normalised toroidal ion Mach numbers, M tor , agree well at the core but the profile for the high β N,th = 2.0 discharge is more peaked. No (3,2) neoclassical tearing mode (NTM) or MARFE activity, known to affect confinement in JET [22, 10] was observed. (4,3) NTM activity was observed in all discharges. well represents these measurements. Such a dependence contrasts strongly with the negligible β N,th dependence observed in previous experiments on JET [10] and in DIII-D [11] and is considerably stronger than the negative dependencies of normalised confinement on β N,th observed in experiments on JT-60U [12] and ASDEX Upgrade [13] . The observed dependency is also stronger than theτ E ∝ β N,th scaling of IPB98(y,2).
To assess the relative impacts of core transport and the Edge Transport Barrier (ETB), the confinement was separated into core and edge measurements. The regions were separated at a normalised square root toroidal flux, x, of 0.8 which lies just inside of the ETB. The energy confined outside of x = 0.8, which includes all of that in the ETB, and the energy confined inside of x = 0.8, which includes the bulk of the core confinement, were taken from the experimental data using the method given in Ref. [23] . Dividing these energies by the loss power gives an effective confinement for the inner and outer regions. Figure 2 (b) shows the normalised effective confinement for these two regions plotted against β N,th . Across the scan, normalised confinement decreases with increasing β N,th by 61% in the outer region and by 44% in the inner region. This provides strong evidence that the energy confinement in the ETB is decreasing with increasing β N,th as predicted by models where the ETB pressure is constrained by MHD stability [24] .
An interpretative analysis of core transport was performed using the TRANSP code [25, 26] .
Results show strongly coupled ion and electron channels. As a result, the ion, χ i , and particularly the electron, χ e , thermal conductivities are difficult to separate outside of the experimental error bars. However, it does appear that thermal transport is predominantly in the ion channel. Local transport is instead expressed in terms of the local effective thermal conductivity, χ eff = (n e χ e + n i χ i )/(n e + n i ), where n i and n e are the ion and electron densities respectively. losses for x > 0.7. χ eff confidence intervals are estimated from the spread in the derived χ eff over a one second window. The normalised χ eff is observed to increase with increasing β N,th for the bulk of the region x = 0.3-0.7. This behaviour is qualitatively consistent with the confinement analyses already discussed, but contrasts with the results from the previous JET β studies [10, 27] .
COMPARISON WITH GYRO-FLUID TRANSPORT MODELS
The core transport for the experiments of this section has been compared with gyro-fluid transport models [28] . Both the Weiland model [29] and Gyro-Landau-Fluid model (GLF23) [30] were given input data (equilibrium, B, I, n i , n e , Z-effective and M tor profiles and the thermal boundary condition at x = 0.8) and then run to predict the ion and electron thermal profiles. Data from the central point of the β scan experiment were taken as input data and numerical β scans were performed by scaling the input parameters as for a β scan. For each point in the scan, P was adjusted to match ρ* and ν*. As observed in previous gyro-fluid [31, 32] and gyro-kinetic [33, 34, 35] simulations, a weak dependence of transport on β N is observed. Figure 3(b) shows the normalised confinement time over a region from x = 0-0.8 taken from the experimental data (diamonds) and from such an ideal scan with the Weiland model (asterisks). Normalised confinement in the modelled "ideal" scan clearly has a weaker dependence on β N than the experiments and also has the wrong direction. The modelling was then repeated using the experimental measurements for each individual point in the scan with the small differences in the normalised parameters and boundary conditions. These simulations differed markedly from the "ideal" scan simulations and showed much better agreement with the experimental data.
These results, for the case of the Weiland model, are shown as circles in figure 3(b) . This modelling predicts both the direction and magnitude of the β N dependency within the experimental errors. These studies show that the strong confinement decrease with increasing β N observed in the JET experiments is compatible with existing electrostatic core transport models that predict a very weak dependence of transport on β N . The observed β N dependence can be explained by small differences in parameters and boundary conditions. The decrease in normalised ETB confinement with increasing β N,th , discussed in Section 2.2, results in different core boundary conditions and this alone may be responsible for the observed core dependence and resulting global scaling. Analysis of the full JET dataset of improved confinement shows some evidence for a weak dependence of confinement on β N,th at low triangularity, δ < 0.3 and a stronger negative dependence at high triangularity δ > 0.3. This is consistent with the results of the experiments presented here, where δ = 0.45, and previous JET ELMy H-mode studies [10] , where δ = 0.2. Multi-machine studies have also indicated a sensitivity of the β scaling of confinement to shape, but with a more subtle from than a simple δ [36] . The MHD stability of the ETB has been shown to be sensitive to shape [37] and this offers a likely mechanism for the observed differences in scaling. Experimental demonstration of this requires detailed analysis of the ETB profiles, the data for which were not available for the current experiments, and so must await future studies.
MULTI-MACHINE GLOBAL CONFINEMENT ANALYSIS
As discussed in Section 1, the extrapolation of the confinement times from the existing Hybrid scenarios in various tokamaks to ITER requires the development of a physics basis common to them all. With this aim, a global confinement dataset was constructed comprised of a large number of Hybrid scenario discharges from ASDEX Upgrade [19, 17] , DIII-D [15, 16] and JET [14] . The number of data points, N, and the ranges of key parameters in the dataset for each machine are given in table 1.
For DIII-D, B field and I are relatively fixed, mostly at 1.2MA and 1.7T, but cover a wide range for the other machines. A wide range of line average electron densities, n e , and P are covered for each machine. Discharges with β N,MHD up to 3.5 are included from all machines, although the maximum β N,th are somewhat lower. Because of its larger size, JET has the highest τ E in the dataset, but its H-factors are lower than for the other machines. show systematic trends with the highest deviation from τ 98(y,2) associated with higher confinement. This indicates that data from these machines contain a different parametric dependence to τ 98(y,2) and so confinement can not be extrapolated using this scaling or a form like H 98(y,2) = c, where c is a constant.
For the DIII-D data, n e and P are the only parameters in the IPB98(y,2) scaling that vary over a considerable range and this subset of data is reasonably conditioned for a log-linear fit of τ E to these two parameters. The resulting scaling is τ E / n e 0.31±0.04 P -1.03±0.04 which has a significantly stronger power scaling than τ 98(y,2) /n e 0.41
. The DIII-D Hybrid scenario discharges were produced using feedback control on auxiliary heating to maintain the required β N,MHD . If there were no variation in β N,MHD , such a system would fix the thermal energy as P varied and so force a scaling of
There is some variation in β N,MHD in the DIII-D dataset but it is rather small, ±0.5 about a mean value of 2.7. Even allowing for such a bias, it appears that the power dependence in the DIII-D data is more strongly negative than for τ 98(y,2) . Restricting the ASDEX Upgrade dataset to I = 1MA gives an equally well conditioned dataset with a fitted τ E ∝ n e 0.39±0.04
, similar to that of DIII-D.
The full three machine dataset is insufficiently well conditioned to perform a loglinear fit similar to IPB98(y,2). Instead, the residuals of τ E with respect to τ 98(y,2) are analysed by studying the dependence of H 98(y,2) on various parameters. If the IPB98(y,2) scaling has correct, or broadly correct, scalings for the Hybrid dataset for some of the parameters, such an analysis can be used to find the other parametric dependencies that differ. No systematic residual dependencies are observed with respect to elongation, δ, I, B, a or major radius. Residuals with respect to ne indicate some evidence of a negative n e -H 98(y,2) correlation for the ASDEX Upgrade and DIII-D data, but no consistent dependency between the machines. Residuals with respect to P show a clear negative P-H 98(y,2) correlation for the DIII-D dataset, in line with the discussion above, but little sign of a P-H 98(y,2) correlation in ASDEX Upgrade or JET. No significant correlations are found between H 98(y,2) and β, β N or τ E . However, a strong positive ρ*-H 98(y,2) correlation is observed within the data from each machine. Where data from different machines overlaps in ρ*-space, similar values of H 98(y,2) are observed for each machine, figure 4(b) . This would suggest that the ρ* dependence within the Hybrid dataset is weaker than that in the gyroBohm-like, τ E ∝ τ Bohm /ρ*, IPB98(y,2) scaling. This is in line with dedicated 1/2 scans in high q 95 , ELMy H-mode plasmas in DIII-D where confinement was observed to be Bohm-like [3] . This has been interpreted as being related to the shorter length scales of the q-profile in such discharges [3] . However, it should be noted that a residual dependence of τ E on other variables, or groups of variables, correlated with ρ* would also explain the behaviour seen in the figure.
SUMMARY AND DISCUSSION
Confinement studies of JET Hybrid plasmas, where q-profile evolution is modified to enable access to the high β N operation required for the ITER hybrid scenario [1] , cover a range of shapes, I = 1.1-2.8MA, B = 1.3-3.5T and β N,MHD ≤ 3.6 [14, 2] . Despite a different initial phase, confinement relevant plasma parameters evolve rapidly (≈1s) towards those of equivalent ELMy H-modes. Global confinement is found to be largely in agreement with the IPB98(y,2) scaling with H98(y,2) = 0.8-1.2.
This contrasts with previous H-mode studies on JET which indicated that confinement increased, relative to the IPB98(y,2) scaling, with increasing β N,th [10] . A β N scan was performed with β N,MHD = 1.7-2.7, β N,th = 1.5-2.0. A strong de[zease in normalised confinement with increasing β N,th is observed in the core (x < 0.8) and edge (x > 0.8) regions, with the strongest decrease in the edge. The wider JET Hybrid dataset suggests that decreasing confinement with increasing β N,th is observed for configurations with δ ≥ 0.3. Theory based modelling of the thermal transport predicts a weak dependence of core confinement on β N,th in this parameter range, but when these models are run with the same boundary conditions and small differences in parameters as in the experiment, good agreement with experiment is observed. These results are consistent with weakly β N,th dependent core transport and confinement in the ETB being either weakly or strongly dependent on β N,th depending on the configuration.
A dataset has been produced by combining the JET dataset with ASDEX Upgrade and DIII-D Hybrid plasmas. Global confinement in this dataset is not well described by the IPB98(y,2) scaling, ASDEX Upgrade and DIII-D confinement tending to be above the scaling and to follow a different trend. H98(y,2) increases with increasing ρ* within each machine and across the multi-machine dataset. This supports the view that a confinement scaling common to these machines may be feasible, but such a scaling is unlikely to predict H98(y,2) > 1 at ITER-like ρ*. Whilst considerable progress has been made on understanding the confinement properties of high β N discharges, no predictive empirical or theory-based model has yet been derived. 
